Recently, we reported a novel testis-specific sperm associated antigen 9 (SPAG9) protein, a new member of the JNK-interacting protein family, having a functional role in sperm-egg fusion [N. Jagadish, R. Rana, R. Selvi, D. Mishra, M. Garg, S. Yadav, J.C. Herr, K. Okumura, A. Hasegawa, K. Koyama, A. Suri, Biochem. J. 389 (2005) 73-82]. NCBI Blast searches revealed SPAG9 nucleotide sequence similarities with ESTs of various cancerous tissues. In the present study, we compared the efficiency of two independent SPAG9 specific small interfering RNA (siRNA) constructs, BS/U6/spag9 and BS/U6/spag9-I, to ablate the SPAG9 expression in mammalian cells. A positive correlation between the ratio of target gene versus siRNA and the suppression of SPAG9 expression was observed. Further, the cotransfection of BS/U6/spag9 with pcDNA-SPAG9 and pFlag-CMV2-JNK-3 resulted in specific suppression of SPAG9 without affecting JNK-3 expression. The present investigation will eventually extend the application of SPAG9 siRNA in in vivo targeting experiments that aim to define the SPAG9 functional genomics in tumor and reproductive biology.
Sperm associated antigen 9 (SPAG9), a new member of JNK-interacting protein (JIP) family [1] , involved in molecular interactions during sperm-egg fusion and MAPK signaling pathway [1] [2] [3] , is conserved in human [4] , baboon [5] , and macaque [6] . MAPK interaction studies demonstrated that SPAG9 functions as a scaffolding protein exhibiting higher binding affinity to JNK3 and JNK2 compared to JNK1 [1, 2] . This interaction is interesting in view of the important regulatory role played by MAPKs in cell survival, proliferation, apoptosis, and tumor development [7] . The role of SPAG9 in MAPK signaling and its expression in various cancers such as esophageal adenocarcinoma [8] and Dermatofibrosarcoma protuberans (DFSP) [9] suggest its important function in cancer biology. In addition, SPAG9 sequence analysis revealed nucleotide sequence similarities with ESTs of various cancerous tissues and cancer cell lines. Recently, sperm protein 17 (Sp17) [10] and sperm c lysozyme-like protein 1 (SLLP1) expression [11] was also reported in various cancer tissues. Therefore, it may be interesting to study the siRNA-mediated inhibition of SPAG9 expression to address the possible eventual role of SPAG9 in tumor and reproductive biology.
RNA interference (RNAi) is known as a powerful tool for post-transcriptional gene silencing and expected to be involved in gene therapy strategies [12] [13] [14] . Double-stranded RNA (dsRNA), when introduced to cells, interferes with the expression of homologous genes, disrupting their normal function. In mammals, transient delivery of synthetic BBRC short interfering RNAs (siRNAs), which resemble the processed form of standard double-stranded RNAi trigger, is effective in silencing mammalian genes. Issues related to transfer efficiency and duration of the silencing effect, however, restrict the spectrum of applications of siRNAs in mammals. These shortcomings of siRNAs have been solved by the cellular expression of short hairpin RNAs (shRNAi) from DNA vectors. shRNAi are indistinguishable from siRNAs in terms of efficacy and mechanism but can be produced within cells from mammalian expression vectors. In this way, shRNAi expression makes possible the creation of continuous cell lines and transgenic animals in which suppression of a target gene is stably maintained by RNAi [15] .
Although a few sperm proteins involved in sperm-egg interaction have been described [16] , the precise roles of these proteins have not been established. Though mature sperms are transcriptionally inactive as a consequence of nuclear condensation, the SPAG9 protein is incorporated into spermatozoa and is involved in sperm-egg interaction [1] . In this study, we present data showing the relative effectiveness of two independent SPAG9-specific small interfering RNA constructs in the ablation of SPAG9 expression. The present investigation is beneficial in terms of providing preliminary data and proof of concept for future lentiviral vector-based siRNA approaches in vivo to study the effect of phenotypic changes in sperm as well as for the functional genomics of SPAG9.
Materials and methods
Cloning of chimeric construct expressing SPAG9 fused with green fluorescent (GFP) reporter protein. To generate the chimeric construct of SPAG9, a cDNA encoding complete open reading frame (ORF) of SPAG9 (comparable to 111-2410 bp of the published SPAG9, amino acid residues from 1 to 766) was amplified using forward 5 0 -ATGTCCATAA TTATATGGAACATTTA-3 0 and reverse 5 0 -TAAGTTGATGACCCAT TATTAACCA-3 0 primers, and cloned in pEGFPN2 vector. Briefly, the PCR product (which contains XhoI site at the 5 0 end and a BamHI site at the 3 0 end of the sense strand) was digested with XhoI and BamHI. The XhoI/BamHI fragment was inserted in-frame into XhoI/BamHI-digested pEGFPN2 plasmid (Clontech, USA) containing multiple cloning sites to obtain SPAG9-GFP. The nucleotide sequence of the constructs was confirmed by automated DNA sequencing.
Construction of small interfering RNA plasmid vector. The SPAG9-specific siRNA constructs were designed to be homologous to SPAG9 mRNA (GenBank Accession No. X91879). We selected two siRNA constructs: (1) BS/U6/spag9; the two complementary oligonucleotides (5 0 -GGGCCCAGATCTCAGTGGATATAAATTCAAGAGATTTATATCCA CTGAGATCTTTTTTGAATTC-3 0 and 5 0 -GAATTCAAAAAAGATCT CAGTGGATATAAATCTCTTGAATTTATATCCACTGAGATCTGGG CCC-3 0 ), (2) BS/U6/spag9-I; the two complementary oligonucleotides (5 0 -GGGCCCACAGCTCATAGTAGAATTATTCAAGAGATAATTCTACT ATGAGCTGTTTTTTGAATTC-3 0 and 5 0 -GAATTCAAAAAACAGCT CATAGTAGAATTATCTCTTGAATAATTCTACTATGAGCTGTGGG CCC-3 0 , the 19-nucleotide sense or antisense strands are in bold letters and stem loop sequences are in italics), annealed to generate double-stranded DNAs, and ligated into the linearized empty vector pBS/U6.The siRNA plasmids encoded the hairpin RNAs that specifically targeted SPAG9 mRNA and had no significant homology with other known genes. The nucleotide sequences of SPAG9 siRNAs (BS/U6/spag9 and BS/U6/spag9-I) were verified by automated DNA sequencing.
The plasmids BS/U6 and BS/U6/gfp RNAi were a gift from Dr. Yang Shi (Department of Pathology, Harvard Medical School, Boston, USA).
Cell culture and transfections. COS-1 cells were grown in DulbeccoÕs modified EagleÕs medium (DMEM) supplemented with 10% fetal bovine serum (Life Technologies) in a humidified incubator (5% CO 2 ) at 37°C. Cells grown on coverslips in 35 mm petri plates were transfected by Lipofectamine procedure (Life Technologies) and harvested 48 h after transfection. For dose-dependent experiment, 0.5 lg of chimeric construct (SPAG9-GFP) was cotransfected with siRNAs using different concentrations ranging from 0.5 to 6 lg. To evaluate the specificity of BS/U6/spag9, 0.5 lg pcDNA-SPAG9 and pFlag-CMV2-JNK-3, respectively, were cotransfected with 6 lg BS/U6/spag9. A constant concentration of 10 lg was used for all the transfection studies employing empty vector (BS/U6) or BS/U6/gfp.
The MAPK expression vector, pFlag-CMV2-JNK-3, was a gift from Dr. Katsuji Yoshioka (Department of Molecular Pathology, Cancer Research Institute, Kanazawa University, Japan).
Immunofluorescence microscopy. Cells were harvested 48 h posttransfection and were processed for immunofluorescence assay as described earlier [1] . Briefly, the rat anti-SPAG9 and anti-FLAG monoclonal antibodies M5 (Sigma) were used as primary antibodies to probe SPAG9 and JNK-3, respectively. After washing, cells were probed with secondary antibodies goat anti-rat Texas red and anti-mouse FITC conjugate for SPAG9 and JNK-3, respectively, and were analyzed by fluorescence microscopy under ECLIPSE, E 400 Nikon microscope (Nikon, Fukok, Japan).
Western blotting. After 48 h transfection, cells were harvested, lysed in lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, and 1% Triton X-100), and centrifuged at 2000g for 10 min [1] . The supernatant was used for protein determination by the Bradford procedure (BioRad) and Western blotting. SPAG9, chimeric (SPAG9-GFP), JNK-3, and GFP proteins were resolved on 10% and 15% SDS-polyacrylamide gels, respectively, transferred onto nitrocellulose membranes, and incubated with the appropriate antibodies. Expression of GFP protein was probed with anti-GFP HRP-conjugated antibody (Santa Cruz Biotechnology, CA, USA). Expressions of SPAG9 and SPAG9-GFP protein in cell lysates were probed with primary antibody using rat anti-SPAG9 antibody and subsequently with goat anti-rat IgG HRPO (Jackson Immunoresearch, West Grove, PA) as secondary antibody. JNK-3 protein was probed with anti-FLAG monoclonal antibody Bio-M5 (Sigma). The detection was performed with 0.05% 3,3 0 -diaminobenzidene (Sigma). Flow cytometry analysis. Cells transfected with SPAG9-GFP in the presence or absence of BS/U6/spag9 (using a range of concentrations from 0.5 to 6 lg) were harvested by trypsinization after 48 h transfection and washed twice with PBS. After the final wash, cells were resuspended in PBS and analyzed by flow cytometer (BD-LSR model, Becton-Dickinson, San Jose, CA). Data acquisition and analysis were done using WinMDI (version 2.8) software.
Results
To evaluate siRNA approach for SPAG9 gene silencing, we identified two independent sets of siRNA target sequences within ORF region of SPAG9 according to the criteria used in earlier studies [17] . Briefly, we inserted DNA fragments that acted as template for the synthesis of small RNAs under the control of mouse U6 promoter that directs the synthesis of a Pol III-specific RNA transcripts. The resulting RNA is composed of a single RNA that forms a stem-loop structure in which the sense and antisense strands form the stem of the hairpin (Fig. 1A) . Termination of transcription at a stretch of thymidine bases is predicted to generate a 2-4 bp uridine-nucleotide overhang at the 3 0 end, identical with the overhang that is normally produced by the Dicer enzyme.
To investigate siRNA-mediated gene silencing, we first analyzed the effectiveness of gfp siRNA (BS/U6/gfp) in suppressing chimeric (SPAG9 fused with GFP) expression. COS-1 cells transfected with SPAG9-GFP revealed strong fluorescence after 48 h of transfection demonstrating GFP (green, Fig. 1B ) as well as SPAG9 (red, Fig. 1B ) expression in the same cells. Further, to demonstrate the inhibitory effect of BS/U6/gfp, SPAG9-GFP was cotransfected with the empty vector BS/U6 or BS/U6/gfp, respectively, with a ratio of 1:20 (target versus effector plasmids).
The data indicated that empty vector BS/U6 had no effect on SPAG9-GFP expression (Fig. 1C) , whereas BS/U6/gfp greatly reduced the expression of SPAG9-GFP to near background levels as shown in Fig. 1C .
Subsequently, two independent sets of SPAG9-specific siRNAs were evaluated for their effectiveness in inhibiting chimeric SPAG9 expression. A constant dose of 0.5 lg SPAG9-GFP was cotransfected with increasing concentrations of siRNAs ranging from 0.5 to 6.0 lg (Fig. 2) . No appreciable difference in fluorescence intensity of the cells treated with 0.5 and 1.5 lg BS/U6/spag9 was observed under fluorescence microscope ( Fig. 2A) . In comparison, a higher dose of 3.0 lg BS/U6/spag9 resulted in diffused fluorescence in the treated cells indicating the inhibition of SPAG9-GFP expression (Fig. 2A) . The strongest inhibition of SPAG9-GFP expression was observed with a concentration of 6 lg BS/U6/spag9 as demonstrated by abrogation of reporter (GFP) gene expression in the transfected cells ( Fig. 2A) . In these experiments, treatment with BS/U6/spag9 showed a greater impact than BS/U6/spag9-I on ablation of SPAG9 expression (data not shown). Hence, the subsequent experiments were restricted to siRNA BS/ U6/spag9.
A more accurate assessment of dose-dependent inhibition of chimeric SPAG9 expression was analyzed by fluorescence activated cell sorter (FACs) analysis. COS-1 cells were transfected with 0.5 lg SPAG9-GFP and increasing concentrations of BS/U6/spag9 ranging from 0.5 to 6.0 lg. The percentile fluorescence intensity in the treated cells is indicated by marker1 as compared to the control (only COS-1 cells), which is indicated by marker 2. The expression of SPAG9-GFP in the presence of empty vector BS/U6 revealed a fluorescence intensity of 78.37% as compared to 0.11% in the control cells (Fig. 2B) . Further the fluorescence intensity of SPAG9-GFP was measured in the presence of different concentrations of BS/U6/spag9. The results indicated a positive correlation between target gene (SPAG9-GFP) versus effector siRNA (BS/U6/spag9) ratio and the suppression of SPAG9-GFP expression as shown in Fig. 2B . The fluorescence intensity decreased drastically to 2.42% in the cells treated with 6.0 lg of BS/ U6/spag9 (Fig. 2B) as compared to 78.37% fluorescence intensity of SPAG9-GFP alone, indicating the effective and dose-dependent suppression of SPAG9-GFP expression using RNAi approach.
Our initial experiments established that BS/U6/spag9 is capable of inducing siRNA-mediated gene silencing, therefore we intended to assess the specificity of BS/U6/spag9. An independent experiment involving cotransfection of pcDNA-SPAG9 and pEGFPN2 with BS/U6 or BS/U6/ gfp or BS/U6/spag9, respectively, was performed into COS-1 cells. Results indicated that BS/U6/gfp had no effect on SPAG9 expression (Fig. 3C) , whereas a reduced expression was observed in GFP expressing cells (Fig. 3D) . In contrast, a reduction in SPAG9 (Fig. 3E ), but not in GFP (Fig. 3F) , expression by employing BS/U6/spag9 revealed the specific gene silencing of SPAG9 by BS/U6/ spag9 and not by BS/U6/gfp. Yet another evidence for specific inhibition of target gene by BS/U6/spag9 was carried out using mammalian JNK-3 (c-Jun NH 2 -terminal Kinase-3) gene from MAPK signal transduction pathway. The cotransfection experiment using pcDNA-SPAG9 and pFLAG-CMV2-JNK3 with empty vector BS/U6 or BS/ U6/spag9 or BS/U6/gfp revealed that BS/U6 or BS/U6/ gfp did not inhibit the expression of either SPAG9 (Figs. 4A and C) or JNK-3 protein (Figs. 4B and D) . However, BS/U6/spag9 resulted in remarkable reduction in the expression of SPAG9 (Fig. 4E ) without affecting JNK-3 expression (Fig. 4F) . The results thereby demonstrate that the BS/U6/spag9-mediated specific gene silencing of SPAG9 without any effect on the expression of unrelated genes. Therefore, as previously published [18] , our results confirm the efficiency and specificity of the siRNA silencing strategy.
The inhibition of SPAG9-GFP expression at the protein level was also analyzed by Western blotting using anti-SPAG9 antibody. In a dose-dependent experiment, cells cotransfected with SPAG9-GFP and BS/U6/spag9 demonstrated a gradual decrease in the expression of SPAG9-GFP with the increasing concentrations of BS/U6/spag9 ranging from 0.5 to 6.0 lg (Fig. 5A) . Intriguingly, 6.0 lg pBS/U6/spag9 resulted in remarkable suppression of the SPAG9-GFP expression (Fig. 5A) . In contrast, the treatment with BS/U6/spag9-I did not reveal decrease in the expression of SPAG9-GFP with increasing concentrations (Fig. 5A) . To further strengthen the results, the expression of SPAG9-GFP was evaluated in the presence of BS/U6/ gfp or BS/U6/spag9, respectively. No detectable expression of SPAG9-GFP was observed in either BS/U6/spag9 or BS/U6/gfp treated cells (Fig. 5B) as compared to the cells treated with empty vector BS/U6 (Fig. 5B) .
In addition, the specific knockdown of SPAG9 expression was investigated by cotransfecting 0.5 lg pcDNA-SPAG9 with BS/U6/spag9 (6 lg) or BS/U6/gfp (10 lg) or empty vector BS/U6 (10 lg) into COS-1 cells. In Western blot analysis, a drastic knockdown of SPAG9 expression was observed in BS/U6/spag9 treated cells (Fig. 5C) , whereas the cells treated with BS/U6 or BS/U6/gfp revealed no inhibition in SPAG9 expression (Fig. 5C) . Fur- ther, BS/U6/spag9 was examined for non-specific gene silencing using unrelated genes expressing GFP and JNK-3. The expression of GFP and JNK-3 was analyzed after transfecting COS-1 cells with pEGFPN2 and pFLAG-CMV2-JNK-3 plasmids with BS/U6/spag9 (6 lg) or BS/ U6/gfp (10 lg) or empty vector BS/U6 (10 lg). The expression of GFP was remarkably reduced in BS/U6/gfp treated cells (Fig. 5D ) when compared to cells treated with BS/U6 (Fig. 5D ) or BS/U6/spag9 (Fig. 5D ). However, there was no effect on JNK-3 expression in the presence of either BS/U6/gfp or BS/U6/spag9 (Fig. 5E ). The overall results indicate that out of two independent sets of SPAG9 siRNAs, BS/U6/spag9 is capable of sequence-specific gene silencing in a dose-dependent manner without altering the expression of unrelated genes.
Discussion
The present investigation reports for the first time gene silencing of a sperm-specific protein using siRNA approach. SPAG9, a new member of JNK-interacting protein family, is a novel testis-specific protein exclusively expressed in testis [1, 19] . The amino acid sequence analysis revealed conservation of SPAG9 in human and non-human primates predicting functional interactions of proteins, as well as the evolutionary relationships between genomes [2, [4] [5] [6] 20] . MAPK interaction studies demonstrated that SPAG9 functions as a scaffolding protein exhibiting higher binding affinity to JNK3 and JNK2 compared to JNK1 [1, 2] . The interaction is important in view of the pleiotropic endpoints of JNK signaling pathways leading to cell proliferation, differentiation, apoptosis, immune cell function, and embryonic morphogenesis [21] . In most cases, the functional consequences of interaction between JNKs and scaffolding proteins are not yet fully understood; however, they are likely to play an important role in regulating JNK signaling pathways towards a particular physiological event. A recent study demonstrated that IB1/JIP1 facilitates the signal transduction in pancreatic b-cell lines mediated by the interacting proteins. IB1/JIP-1 interacts with JNK through the JNK binding domain (JBD), a domain able to prevent apoptosis of pancreatic b-cell lines induced by IL-1b and thus act as a crucial regulator of survival in insulin-secreting cells [22] . Similarly, SPAG9 interacts with JNKs through its JBD, which exhibits a significant sequence identity to JBD of JIP1, JIP2, and JIP3. The earlier study involving SPAG9 mutant lacking JBD (SPAG9DLZDT) failed to show any interaction with JNK pathway, suggesting that JNK binding domain of SPAG9 is involved in JNK interaction [1] . Moreover, the expression of SPAG9 in various cancers such as esophageal adenocarcinoma [8] and Dermatofibrosarcoma protuberans (DFSP) [9] thereby suggests the possible involvement of SPAG9 interactions with JNKs in signal transduction pathways leading to cellular proliferation and tumor growth. Recently, sperm protein 17 (Sp17) [10] and sperm c lysozyme-like protein 1 (SLLP1) expression [11] was also reported in various cancer tissues. Though at present the exact nature of involvement of SPAG9 in tumorigenesis is not known, further investigations are warranted. The present study provides more evidence for the existence of RNAi induced gene silencing in mammalian cells and also suggests possibilities for using RNAi as an effective tool to determine the functional genomics of SPAG9 in tumor and reproductive biology. Initially, we demonstrated the siRNA-mediated gene silencing of chimeric SPAG9-GFP using BS/U6/gfp, a construct, which has been already used and established for its siRNA function in mammalian cells by Sui and group [23] .
A recent study reported the marked inhibition in the expression of chimera EGFP-tagged glucocerebrosidase (GBA) using GFP-directed siRNAs to evident the suppression of target (EGFP) as well as fused (GBA) protein expression [24] . Similarly, a successful knockdown of SPAG9-GFP expression was observed using GFP-directed siRNA, as indicated by immunofluorescence and Western blot analysis.
We further verified the gene silencing of SPAG9-GFP by BS/U6/spag9 using fluorescence activated cell sorter analysis. A dose-dependent inhibition of chimeric SPAG9 expression was successfully reported by the abrogation of reporter gene, i.e., GFP expression. The data from Western blot analysis also indicated that 6.0 lg BS/U6/spag9 was the most effective concentration of SPAG9 siRNA to mediate a marked inhibition of SPAG9-GFP expression. The results are in agreement with those of several other groups, that have developed vector-based siRNA expression systems that can induce dose-dependent RNAi effect in living cells such as inhibition of male-specific gynecophoral canal protein (SjGCP) [25] , Bcl-2 expression [26] , and SARSCoV gene expression [27] .
One more important aspect of siRNA studies is to explore the extent of siRNA specificity towards the gene of interest. siRNA-mediated gene silencing is generally believed to be highly sequence-specific. Tuschl and coworkers [18] demonstrated that even a single base mismatch between siRNA and its mRNA target abolished gene silencing. The caveats in specificity of gene silencing by RNAi mean there is an absolute requirement to test the selectivity of a siRNA before embarking on phenotype analysis. However, since RNAi, in contrast to the traditional knockout approach, does not completely eliminate the protein of interest, it was critical to evaluate the efficiency of siRNAs at the protein level. Therefore, we compared the silencing effect of two independent SPAG9 siRNAs (BS/U6/spag9 and BS/U6/spag9-I) on SPAG9 protein expression. The immunofluorescence and Western blotting results revealed that BS/U6/spag9 was fully competent to knockdown the SPAG9 expression. In contrast, SPAG9 expression was resistant to siRNA induced ablation using BS/U6/spag9-I. In addition, we evaluated the effect of BS/U6/spag9 on unrelated GFP and JNK3 proteins using SPAG9 as a positive control for determining the specificity of BS/U6/spag9. The expression of JNK-3 and GFP remained unaffected by BS/U6/spag9, suggesting that BS/U6/spag9 functions specifically to inhibit target gene and has no RNAi effect on unrelated gene expression.
The advent of RNAi has introduced a new tool for deciphering gene function by inducing post-transcriptional gene silencing. We hereby provide strong evidence that a DNA vector-based RNAi approach functions effectively in silencing SPAG9 gene expression in mammalian cells. The present study is beneficial in terms of providing proof of concept for further employment of a lentiviral vectorbased siRNA approach in generating transgenic mice to study the functional genomics of SPAG9. Thus, the ease and convenience of deleting gene function combined with the ability to make transgenic animals using lentiviral vector-based RNAi would give a useful insight into exploring the biological function of SPAG9 in reproductive biology. Moreover, exploiting siRNA against SPAG9, which exhibits aberrant expression in various cancerous tissues, may give useful insight into the role of SPAG9 in cellular proliferation and programmed cell death and therefore warrants further investigations.
